On the basis of clinical trials using first-generation epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs), it became a doctrine that V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (K-RAS) mutations drive resistance to EGFR inhibition in non-small cell lung cancer (NSCLC). Conversely, we provide evidence that EGFR signaling is engaged in K-RAS-driven lung tumorigenesis in humans and in mice. Specifically, genetic mouse models revealed that deletion of Egfr quenches mutant K-RAS activity and transiently reduces tumor growth. However, EGFR inhibition initiates a rapid resistance mechanism involving non-EGFR ERBB family members. This tumor escape mechanism clarifies the disappointing outcome of first-generation TKIs and suggests high therapeutic potential of pan-ERBB inhibitors. On the basis of various experimental models including genetically engineered mouse models, patient-derived and cell line-derived xenografts, and in vitro experiments, we demonstrate that the U.S. Food and Drug Administration-approved pan-ERBB inhibitor afatinib effectively impairs K-RAS-driven lung tumorigenesis. Our data support reconsidering the use of pan-ERBB inhibition in clinical trials to treat K-RAS-mutated NSCLC.
INTRODUCTION
Lung cancer is still the number one cancer-related killer in men and women, with less than 20% of patients surviving more than 5 years (1). Lung adenocarcinomas (ACs), the most common non-small cell lung cancer (NSCLC) subtype, are stratified by different driver mutations, with activating mutations in K-RAS and EGFR being the most abundant ones (2, 3) . Although treatment with epidermal growth factor receptor (EGFR)-targeting small-molecule tyrosine kinase inhibitors (TKIs) such as erlotinib, gefitinib, or afatinib is initially effective in lung cancer patients with common activating EGFR mutations, acquisition of resistance almost inevitably occurs (4) (5) (6) (7) . In contrast and despite extensive research, there is no effective inhibitor targeting mutated K-RAS protein available in the clinics (8) . Traditionally, oncogenic K-RAS mutations were thought to render the protein constitutively active and independent from its upstream activator EGFR (9) . Therefore, K-RAS mutations have been proposed as a mechanism of primary resistance to EGFR TKI, and many studies demonstrated poor clinical outcomes using erlotinib and gefitinib in patients with NSCLC harboring K-RAS mutations (10) (11) (12) (13) . In contrast, more recent work demonstrated that mutated K-RAS is not completely locked in its active form. The combination of an irreversible inhibitor specific to K-RAS G12C together with erlotinib or gefitinib in K-RAS
G12C
-mutated lung cancer cell lines showed synergistic effects, demonstrating that mutated K-RAS is activated by upstream EGFR (14, 15) . Our finding that K-RAS-driven lung ACs display increased expression of EGFR and its ligands, as well as downstream targets, supports this discovery and prompted us to clarify whether EGFR signaling contributes to the development of this disease. , n = 5 to 6) and tumor-bearing mouse lungs (K-ras G12D/+ , n = 6) at 10 weeks after tumor induction via Ad.Cre treatment. Actb was used for normalization. Data are presented as means ± SD. (D to F) *P < 0.05, **P < 0.01, ***P < 0.001. used ( fig. S1B ), the analysis of bulk tumor samples does not allow to discriminate whether the observed activation of ERBB signaling stems from tumor cells or the stroma. Hence, we performed immunohistochemistry on resected samples of K-RAS-mutated mucinous human lung AC and paired nontumorous lung parenchyma, probing for the activating tyrosine phosphorylation sites Y845, Y1068, Y1148, and Y1173 and inactivating site Y1045 (Fig. 1E and fig. S2A ). Analysis of the sections by board-certified pathologists revealed positive tumor cells for all phosphorylation sites, whereas staining for Y1068 and Y1173 was completely absent in the stromal compartment, and staining intensity of Y1148 was much stronger in tumor cells compared to the stroma. Phosphorylation of Y1045, which counteracts EGFR activation (18) , was restricted to tumor cells and endothelial cells but absent on most tumor samples. Grading of phospho-EGFR expression demonstrated enhanced activation of EGFR in tumor cells as compared to healthy lung parenchyma (Fig. 1E) . Moreover, we did not observe significant differences in the activation of EGFR in tumor cells from wild-type (WT) K-RAS or mutated EGFR tumors, indicating that EGFR is activated in lung AC independently of the oncogenic driver ( fig. S2B ). We then took advantage of a second cohort of patients harboring K-RAS-mutated lung AC and confirmed expression of EGFR and its activation, as marked by an additional activating phosphorylation site at Y1086 in tumor cells ( fig. S2C ). In addition, we found that ERBB2 was expressed and activated in those tumors (fig. S2, C and D). Because mucinous lung AC often lack the transcription factor NK2 homebox 1 (NKX2-1), we checked NKX2-1 expression in the human lung AC samples and found that tumors from both cohorts showed heterogeneous NKX2-1 expression (fig. S2, E and F). Together, these data demonstrate that ERBB signaling is activated in human K-RAS-driven lung AC in tumor cells and, to some extent, in stromal cells.
Genetic EGFR ablation impairs growth of K-RAS-mutated lung AC
Next, we analyzed the mRNA expression profile of tumor-bearing lungs derived from a mouse model of autochthonous lung tumors driven by oncogenic K-ras (19, 20) . In line with the data for human lung AC, we observed increased expression of several members of the EGFR-ERBB signaling pathway upon K-ras G12D -driven lung tumorigenesis, indicating a key role of EGFR-mediated signaling in this genetically engineered mouse model (GEMM; Fig. 1F) .
To test the impact of EGFR-mediated signal transduction in K-RAS-driven lung tumorigenesis, we crossed K-ras LSL-G12D (K) mice (19) with Egfr floxed/floxed (21) mice. Inhalation with Ad.Cre allowed for concomitant K-ras G12D activation and Egfr deletion in developing lung tumors in the K-ras G12D :Egfr Lep/Lep (KE) mice and resulted in significantly (P < 0.0001) prolonged survival of mice as compared to K mice ( Fig. 2A) . Similarly, in mice with K-ras G12D activation and simultaneous deletion of p53 (22) (Fig. 2B ). This survival effect was dose-dependent, and mice harboring tumors with heterozygous deletion of Egfr also exhibited advanced survival times compared to K and KP mice but decreased survival compared to KE mice (Fig. 2, A and B) . To confirm efficient and complete recombination of the floxed Egfr allele in the developing tumor cells, we isolated tumor cells from the lungs of KP and KPE mice used in the survival analysis after death of the animals. Genotyping of these KP and KPE cells after passaging them 5 to 10 times in vitro ruled out incomplete recombination of Egfr ( fig. S3A) .
In these models, stromal and epithelial cells have the potential to be transduced by Ad.Cre, resulting in recombination of transgenes within these cells and eventually triggering S100-positive Langerhans cell histiocytosis-like neoplasms (24, 25) . Although most tumor cells stained positive for the alveolar type II (AT2) marker surfactant protein C (SP-C, fig. S3B ), whereas S100 expression was restricted to single stromal cells, we cannot exclude that Egfr deletion in stromal cells might contribute to the observed phenotype. Therefore, we performed orthotopic transplantation of KP and KPE tumor cells isolated from the lungs of KP and KPE mice at 6 weeks after Ad.Cre inhalation. As in the Ad.Cre model, mice harboring EGFR-deficient K-ras-mutated transplanted tumors exhibited a survival advantage compared to mice injected with EGFR-expressing K-ras-mutated lung AC cells, further demonstrating that tumor cell-intrinsic deletion of Egfr impairs growth of K-ras-mutated lung AC (Fig. 2C) .
For histopathologic analysis, we first verified EGFR knockout in lung tumor sections of KE mice 10 weeks after Ad.Cre inhalation ( fig. S3C ). Mice harboring Egfr knockout tumors exhibited reduced tumor burden, which was also reflected by reduced lung-to-body weight ratios (Fig. 2D and fig. S3D ). Furthermore, the increase in Sp-c mRNA expression in lungs of K mice compared to healthy lungs reflects a higher abundance of AT2 cells, the main cell type of origin of K-RAS-driven lung AC, which was reduced in KE mice ( fig. S3E ) (26) (27) (28) . There was no difference in the number of total tumors per area or tumor grade in KE as compared to K mice ( Fig. 2D and fig. S3F ). KE mice showed reduced tumor cell proliferation but no difference in apoptosis when compared to K mice ( Fig. 2E and fig. S3G ). Downstream of K-RAS signaling, we found decreased activation of extracellular signal-regulated kinase 1 and 2 (ERK1/2) in tumors of KE mice (Fig. 2E) . However, activation of serine-threonine protein kinase Akt was higher in the KE group, most likely to compensate for the loss of EGFR ( fig. S3H) . At the mRNA level, loss of Egfr also reduced mRNA expression of EGFR ligands in mouse lungs 10 weeks after tumor induction ( fig. S3I) .
Next, we used CRISPR-Cas9 technology to generate EGFR-deficient isogeneic clones of the human lung AC cell line A549, which harbors a homozygous K-RAS G12S mutation, with and without concomitant p53 deletion ( fig. S4A ). EGFR deficiency reduced in vitro growth of A549 cells ( Fig. 2F and fig. S4B ). Furthermore, EGFR deficiency interfered with A549 tumor growth after xenotransplantation into immunodeficient nonobese diabetic severe combined immunodeficient gamma (NSG) mice, regardless of the p53 status ( Fig. 2G and fig. S4C ).
Together, these data demonstrate that growth of K-RAS-mutated lung AC depends on upstream expression of EGFR both in vitro and in vivo.
Mutant K-RAS activity in lung AC depends on upstream EGFR activation
Next, we aimed to identify the key signaling nodes affected by the loss of EGFR in K-RAS-mutated lung AC cells. Therefore, we isolated primary mouse alveolar type 2 pneumocytes from the lungs of WT, K, and K-Egfr floxed/floxed mice and transduced cells in vitro with Ad.Cre. We confirmed purity of cell isolates, activation of mutated K-ras, and loss of Egfr in K and KE cells 2 days after transduction (fig. S5, A and B). Five days after Ad.Cre treatment, we retrieved RNA of WT, K, and KE cells and subjected it to RNA sequencing (RNA-seq) analysis. As in bulk tumor tissue of human and mouse origin, we detected a significant (P < 0.0001) increase in Egfr expression in primary cell 4 of 12 isolates upon activation of the mutant K-ras G12D allele in K cells ( fig. S5C ), as well as an overall increase in the expression of ERBB signature genes ( fig. S5D ). On the basis of these data, we generated a mutant K-RAS gene signature data set, which includes the 500 most up-regulated genes in K cells versus WT cells and hence depicts the most prominent alterations upon K-ras G12D activation in type II pneumocytes (alveolar_ KRAS_up; table S1). Using the top 100 genes of this signature to perform unsupervised clustering analysis revealed that KE cells grouped closer to WT than to K cells, suggesting that K-RAS activity is impaired upon Egfr knockout (Fig. 3A) . Enrichment of alveolar_KRAS_up gene signature in K cells compared to KE cells was significant (P < 0.001; Fig. 3B ). We validated this finding by probing for additional mutant 
G12D
-mutated and p53-deficient KP cells, with and without Egfr deletion (n = 7 per group). (A to C) The median survival times of the groups are indicated. Differences in survival of groups were tested for significance using the log-rank test, and respective P values are shown. (D) Representative images of hematoxylin and eosin (H&E) staining, including higher magnification of the indicated areas (bottom) of tumor-bearing lungs 10 weeks after Ad.Cre inhalation of mice with specified genotypes. For quantitation, the mean values of two sections per mouse were used. Graphs represent means of ratios ± SD of tumor area versus healthy lung area and mean tumor numbers ± SD per section (n = 13 mice for K-ras G12D and n = 14 mice for K-ras K-RAS signature data sets (KRAS_NSCLC_up; table S2). All analyzed gene signatures were enriched in mouse alveolar K cells when compared to KE cells (Fig. 3B ), indicating that deletion of EGFR suppresses K-RAS activity. Egfr knockout in KE also decreased ERBB signaling signatures, as evidenced by the GO (P = 0.095) and KEGG (P < 0.001) ERBB pathway gene sets, as compared to K cells ( fig. S5E) . Moreover, at this early time point after K-ras G12D activation and Egfr knockout, the PI3K-Akt-mTOR signaling signature was decreased in KE cells, whereas EGFR-expressing K cells had an enriched signature of genes associated with poor survival of lung cancer patients ( fig. S5E ). In agreement with other studies (14, 15) , our gene expression analysis demonstrates that mutant K-ras activity depends on upstream EGFR expression. However, the primary cells used for RNA-seq analysis were heterozygous for the K-ras G12D transgene, and we could not rule out an impact of the WT K-ras allele. Hence, we analyzed A549 cell lysates using an antibody array and found decreased phosphorylation of virtually all downstream mediators of EGFR in A549
EGFR when compared to EGFR-expressing cells, including K-RAS downstream mediators mitogen-activated protein kinase kinases MEK1/2 and ERK1/2, suggesting a decrease in mutant K-RAS activity (Fig. 3,  C and D) . Using the RAS-binding domain of the RAF proto-oncogene serine/threonine-protein kinase (RAF1-RBD) for pulldown of active, guanosine 5′-triphosphate-bound RAS, we detected a reduction in activated RAS in EGFR-deficient A549 cells (Fig. 3E) . To further validate inhibition of mutant K-RAS activity upon EGFR knockout, we took advantage of mouse KP cells and an antibody specifically recognizing mutant K-RAS
. RAF1-RBD pulldown revealed reduced active K-RAS G12D in KPE cells compared to KP cells, whereas both cell lines lacked active forms of H-RAS and N-RAS ( fig. S5F ). Together, these data indicate that activity of mutated K-RAS relies on activation of upstream mediators including EGFR and may represent therapeutic intervention opportunities in K-RAS-driven tumors.
Afatinib, but not erlotinib or gefitinib, reduces growth of K-RAS-mutated lung AC We tested the in vitro efficacy of the EGFR TKIs afatinib, erlotinib, and gefitinib in several K-RAS-mutated human and mouse lung AC cell lines and included two EGFR-mutated cell lines as controls ( fig. S6 , A to C). As expected, HCC827 cells were particularly sensitive to EGFR TKI treatment because these cells harbor the EGFR E746-A750 mutation. In H1975 cells, the T790M gatekeeper mutation on top of the EGFR L858R prevented the cytotoxic effects of erlotinib and gefitinib (29) , whereas afatinib inhibited cell growth in the nanomolar range. In K-RAS-mutated cell lines, afatinib exhibited an IC 50 (median inhibitory concentration) in the low micromolar range, whereas the IC 50 values of erlotinib and gefitinib were about 10-to 20-fold higher ( fig. S6, A to C) . When checking downstream mediators of K-RAS, we found decreased activation of ERK and MEK, as well as AKT, after short-term in vitro treatment of A549 cells with afatinib but not with erlotinib ( fig. S6D ). In vivo, afatinib treatment of mice reduced the growth of xenografted human cell lines A549 and A427 and of transplanted p53-deficient mouse 368T1 cells, which all exhibit K-RAS mutations (Fig. 4A) . Afatinib treatment reduced the proliferation rate and induced apoptosis of grafted cells (Fig. 4, B and C) . Further, we detected decreased phospho-ERK but no difference in phospho-AKT in engrafted 368T1 cells when harvested at the end of the experiment ( fig. S6, E and F) .
We then evaluated patient-derived xenografts (PDXs) using tumor tissue from a K-RAS G12C -mutated patient. The engrafted tumors were highly sensitive to afatinib treatment, with an efficacy that was similar to that of the chemotherapeutic agent paclitaxel (Fig. 4D) . However, combination therapy with afatinib and paclitaxel had no further effect on tumor volume. As in the cell line-derived xenografts, we observed reduced cell proliferation and increased apoptosis in the afatinibtreated group (Fig. 4E) . We complemented these studies by using the K-ras G12D -based GEMMs harboring autochthonous tumors. First, we treated K mice with afatinib (or vehicle control) for a period of 9 weeks, starting treatment 1 week after tumor induction. When we analyzed the lungs of these mice, we noticed reduced tumor burden in the lungs of afatinib-treated mice as compared to vehicle-treated mice ( fig. S7, A and B) . We also detected reduced oncogenic K-RAS G12D in total lung lysates of the afatinib-treated group, which reflects the decreased amount of tumor cells in the lungs (fig. S7C) . Next, we investigated whether EGFR-targeting TKIs may restrain the growth of more advanced tumors. We treated mice with already established K-ras G12D lung AC with afatinib, erlotinib, gefitinib, or vehicle control, starting 10 weeks after tumor initiation. After another 10 weeks of treatment, mice were sacrificed and their lungs were subjected to analysis. Afatinib treatment, but not erlotinib or gefitinib, impaired the growth of K-ras
-driven lung tumors. The burden in the lungs of afatinib-treated mice (20 weeks after tumor onset) was similar to lungs 10 weeks after K-ras G12D induction (before treatment), whereas tumor areas and numbers in control and erlotinib/gefitinib-treated groups were higher (Fig. 5, A to C) . These data were paralleled by a reduced lung-to-body weight ratio in the afatinib-treated group compared to the other groups, as well as by reduced Sp-c mRNA expression in the afatinib-treated group compared to the other groups ( fig. S7,  D and E) . Furthermore, all afatinib-treated tumors were classified as grade I tumors, whereas most tumors in the control group were of grade II or III, as graded by board-certified pathologists (Fig. 5A ) (30) . Long-term afatinib treatment reduced tumor cell proliferation and ERK activation, but not activation of AKT (Fig. 5D and fig. S7F ). Ultimately, the beneficial effects of afatinib were also highlighted in a survival analysis using the syngeneic transplant model, where 368T1 lung cancer cells were orthotopically transplanted into immunocompetent mice. Afatinib administration to these mice starting 3 weeks after transplantation significantly prolonged survival in comparison to vehicle treatment, whereas erlotinib treatment did not exhibit any beneficial effects (Fig. 5E ).
Afatinib blocks a tumor escape mechanism mediated by non-EGFR ERBB family members
Puzzled by the finding that K-RAS-driven lung AC cells and tumors were sensitive to genetic EGFR knockout and to treatment with EGFR TKI afatinib, but not to erlotinib or gefitinib, we reanalyzed the EGFRdeficient A549 cell line. As stated above, we noticed that A549 EGFR cells in early passages after gene knockout and monoclonal expansion exhibited severely reduced proliferation rates in vitro ( fig. S4B ). However, over time, A549
EGFR regained their proliferative capacity, and at higher passages, there was no noticeable difference in cell growth between WT A549 and A549
EGFR cells ( fig. S8A ). We performed gene expression analysis of these cells and found that in high-passage A549 EGFR cells, the ERBB family members ERBB2, ERBB3, and ERBB4 were up-regulated ( fig. S8B) , suggesting a compensatory mechanism for the loss of EGFR. Next, we checked mouse tumors in K and KE mice 20 weeks after tumor induction. The proliferation rate of KE tumors was similar to that of K tumors (Fig. 6A) , indicating the activation of a compensatory program in Egfr-deficient tumor cells at 7 of 12 later time points. This was also illustrated by increased ERK phosphorylation in KE lungs versus K lungs at 20 weeks (Fig. 6B) , even though both proliferation and ERK activation were down-regulated at 10 weeks (Fig. 2E) . At the mRNA level, expression analysis revealed higher ErbB2 and ErbB4 expression in KE lungs versus K lungs compared to the 10-week time point (Fig. 6C) . ErbB3 expression was already increased at 10 weeks in KE lungs (Fig. 6C) . These data were of particular interest because ERBB2 and ERBB3 were also up-regulated in human K-RAS lung AC tissue, confirming the implication of other non-EGFR ERBB family members in K-RAS-mutated lung tumorigenesis (Fig. 1D) .
Similar to genetic knockout of Egfr, afatinib treatment induced up-regulation of the ErbB receptors in tumors of K mice ( fig. S8C ). To test whether this compensatory up-regulation of ERBB family members stems from the tumor cells or the stroma, we orthotopically transplanted human A549 p53 cells into NSG mice and treated the mice with afatinib or erlotinib. We noticed decreased tumor burden in lungs of afatinib-treated mice compared to erlotinib-treated mice, which was quantitated by reverse transcription polymerase chain reaction (PCR) with primers specific for A549 human housekeeping genes (Fig. 6, D and E) . Further gene expression analysis revealed enhanced expression of human EGFR, ERBB2, and ERBB3 in the tumors of afatinib-treated mice, which was comparable to up-regulation in the erlotinib-treated group (Fig. 6F) . However, at the protein level, afatinib abrogated the ERBB2-and ERBB3-mediated compensatory mechanism. Afatinib markedly reduced ERBB2 protein expression and completely blocked ERBB3 activation by phosphorylation, as demonstrated in three different K-RAS-mutated cell lines (Fig. 6G) . Neither erlotinib nor gefitinib had any effect on ERBB2 protein expression, and both TKIs exacerbated ERBB3 activation (ERBB4 protein expression was not detectable). Together, these data suggested that both the genetic knockout of EGFR and the treatment with EGFR TKIs engage a compensatory mechanism via other non-EGFR ERBB family members, which can be suppressed by afatinib but not by erlotinib or gefitinib. Similarly, in high-passage A549 EGFR cells, which compensated for the EGFR deficiency by increased ERBB family member expression and activation (fig. S8, B and D) , afatinib blocked compensating ERBB2 and ERBB3 activation in vitro, but erlotinib and gefitinib did not. Finally, we xenografted high-passage A549 EGFR cells into NSG mice and subjected them to treatment with afatinib or erlotinib. Confirming our hypothesis, afatinib treatment blocked tumor growth of EGFR-deficient/ K-RAS-mutated tumor cells, whereas erlotinib did not exhibit any noticeable effect on the growth of these cells (Fig. 6H and fig. S8E ). Together, these data demonstrate that both genetic and pharmacologic abrogation of EGFR-mediated signaling engages a compensatory mechanism involving other ERBB family members in K-RAS-mutated lung AC cells. Afatinib, as a pan-ERBB inhibitor, suppresses this compensatory machinery, therefore mediating a reduction of K-RAS-driven tumor growth.
DISCUSSION
Mutated K-RAS has been considered to be locked in a constitutive active state that does not require upstream signaling, and it is believed that K-RAS-driven tumors are refractory to TKI therapy (31, 32) . However, recent reports using irreversible inhibitors of K-RAS G12C have shown that mutated K-RAS can be hyperactivated by upstream effectors, opening the possibility of targeting receptor tyrosine kinases in K-RAS-driven tumors (14, 15) . Supporting these observations, K-RAS-driven pancreatic tumors show expression of EGFR and ERBB family ligands, and they depend on EGFR and the ligand activating ADAM17 (33, 34) . Similarly, we found that ERBB signaling is active in human and mouse K-RAS-driven lung AC. Advanced human tumors are enriched in an ERBB gene signature, indicating that ERBB signaling contributes to progression of K-RAS-driven AC. Supporting an active role of EGFR in tumorigenesis, genetic inactivation of EGFR impaired tumor growth in different experimental models of K-RASdriven lung AC, irrespectively of the p53 status. In agreement with the proposed functional model of mutated K-RAS (14, 15) , genetic deletion of EGFR down-regulated the activity of mutated K-RAS and downstream signaling pathways, and this may explain the observed reduction in tumorigenesis. However, over time, K-RAS-mutant tumors recovered from EGFR deletion via increased expression and activation of remaining EGFR family members, thereby restoring downstream ERK and AKT activation. This further highlights the dependence on ERBB signaling for full-blown tumorigenesis despite the oncogenic K-RAS mutation.
Most clinical studies using erlotinib and gefitinib showed little or no benefit in patients suffering from K-RAS-driven NSCLC (10) (11) (12) (13) . Similarly, erlotinib and gefitinib failed to impair tumorigenesis in all our experimental models of K-RAS-driven AC, although tumors transiently responded to genetic deletion of EGFR. This may be attributed to the inherent differences between the genetic and pharmacological approaches. EGFR mediates kinase-independent functions in cancer cell survival (35, 36) , and whereas total EGFR knockout mice are not viable, animals with severely suppressed EGFR kinase activity display only minor epithelial defects (37) (38) (39) . However, in our study, both genetic EGFR deletion and erlotinib treatment triggered a similar tumor escape mechanism, relying on the activation of non-EGFR ERBB family members, although the initiation of this mechanism was delayed upon EGFR knockout compared to TKI-mediated inhibition. This rapid response to TKI treatment may be responsible for the failure of the first-generation TKIs in K-RAS-driven NSCLC. Afatinib abrogated the activation of ERBB family members, suppressed the tumor compensatory mechanism, and resulted in an efficient inhibition of K-RAS-driven lung AC. Similarly, pan-ERBB inhibition with a mixture of monoclonal antibodies (pan-HER) suppresses tumorigenesis more efficiently than targeting single ERBB receptors (40) . Notably, we and Kruspig et al. (41) found that irreversible TKIs such as afatinib or neratinib down-regulate ERBB2 and ERBB3 proteins, a similar phenomenon to that observed with pan-HER antibodies (40) , which may contribute to the efficacy of irreversible TKIs.
A limitation of our study is the use of preclinical experimental models that may not faithfully recapitulate their human counterparts. In this sense, our mouse models do not resemble human mucinous lung AC because of the differences in NKX2-1 expression (42). In addition, human tumor complexity and heterogeneity are not properly modeled in mouse lung AC. Despite these experimental limitations, our data suggest that, in contrast to current opinion, resistance to first-generation TKIs in K-RAS-driven NSCLC may not be due to constitutive activation of K-RAS but rather due to a (re)activation of other ERBB family members. These findings suggest that pan-ERBB inhibitors such as afatinib, alone or in combination with other inhibitors, including MEK (41, 43) or K-RAS G12C inhibitors, are potent therapeutic agents for treatment of patients with K-RAS-mutated NSCLC.
MATERIALS AND METHODS

Study design
The goal of the study was to revisit the role of EGFR-mediated signaling in K-RAS-driven lung tumorigenesis. Hence, we used publicly available data sets, biopsies of patients, in vitro model systems, and mouse models for analysis. To calculate the minimal mouse number (sample size) for Kaplan-Meier analysis, we used a Web-based tool (www.cct. In the course of the experiments, calculated sample numbers were adjusted according to the availability of the respective mice. For our in vivo studies using TKIs, we randomly assigned mice to the different treatment groups before the start of the experiment, for example, to rAd.Cre inhalation or tumor cell injection. Tissue was harvested and processed in a random and blinded order. All other experiments were performed with several biological replicates (as indicated in figure legends), and all replicates were included in our data analysis. As a common guideline in our laboratory, we determined outliers and excluded them from analysis according to the following rule: If a number is less than Q1 − 1.5 × IQR or greater than Q3 + 1.5 × IQR, then it is considered to be an outlier, with IQR being the interquartile range, equal to the difference between the third quartile (Q3) and first quartile (Q1). All outliers are marked in red color in table S3.
Statistical analysis
GraphPad Prism 5.0 was used for statistical analysis. All values are given as means ± SD, as indicated in figure legends. Comparisons between two groups were made by Student's t test, except for Kaplan-Meier analysis, where we used a log-rank test. For comparison of more than two groups, we used ANOVA with subsequent Tukey's multiple comparison test. We did not use any statistical method to predetermine sample size in animal studies.
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